Magnetoelectric coupling of multiferroic chromium doped barium titanate thin film probed by magneto-impedance spectroscopy Thin film of BaTiO 3 doped with 0.1 at. % Cr (Cr:BTO) has been prepared by pulsed laser deposition technique. Film was deposited on Pt/SrTiO 3 substrate at 500 C in 50 mTorr Oxygen gas pressure using KrF (298 nm) laser. Polycrystalline growth of single phase Cr:BTO thin film has been confirmed by grazing angle X-ray diffraction. Cr:BTO film exhibited remnant polarization 6.4 lC/cm 2 and 0.79 MV/cm coercivity. Magnetization measurement of Cr:BTO film showed magnetic moment 12 emu/cc. Formation of weakly magnetic domains has been captured by magnetic force microscopy. Theoretical impedance equation fitted to experimental data in Cole-Cole plot for thin film in presence of transverse magnetic field resolved the increase in grain capacitance from 4.58 Â 10 À12 to 5.4 Â 10 À11 F. Film exhibited high value 137 mV/cm-Oe magneto-electric (ME) coupling coefficient at room temperature. The high value of ME coupling obtained can reduce the typical processing steps involved in multilayer deposition to obtain multiferrocity in thin film. Barium titanate being best ferroelectric material has been tailored to be multiferroic by non ferromagnetic element, Cr, doping in thin film form opens an avenue for more stable and reliable spintronic material for low power magnetoelectric random excess memory applications. Multiferroic thin films are technologically important in spintronic devices due to low power consumption.
1,2 Room temperature multiferrocity has been intensively investigated in laminates and bilayer thin films.
3-7 It has been observed that magnetoelectric (ME) coupling in laminates arises due to magnetostriction and piezoelectricity. 8, 9 Investigation on origin of magnetoelectric coupling in bilayer and epitaxial films has been also reported. [10] [11] [12] The combined effect of MaxwellWagner effect and magnetoresistance resulted in to magnetodielectric response in manganites RMnO 3 . 13, 14 Deconvolution of intrinsic film and extrinsic Maxwell-Wagner relaxation in BiMnO 3 and BiFeO 3 films were attained by fitting frequency dependent data to an adequate equivalent circuit model. 15 In single crystal LuFe 2 O 4 , origin of magnetoelectric effect by interfacial effect was ruled out by impedance spectroscopy. 16 In this work, single phase Cr:BTO thin film has been investigated for magnetoelectric coupling at room temperature. We have earlier reported room temperature magnetoelectric coupling in bulk Cr-doped BTO. 17 The role of individual capacitance and resistance of grains, grain boundaries, and electrode by applying magnetic field has been investigated by theoretical impedance equation fitted to experimental data in Cole-Cole plot. Further magnetoelectric coupling was confirmed by dynamic mode measurement using lock-in amplifier.
Target of 0.1 at. % Cr:BTO for thin film deposition was synthesized by chemical method. The synthesis process has been reported in our earlier work. 17 For preparing target, annealed powder was pressed into 1 inch diameter circular pellet for target and kept at 1300 C for 10 h for its densification. Thin film was deposited by Pulsed Laser Deposition (PLD) onto Pt/SrTiO 3 (Pt/STO) (100) substrate at temperature 500 C in Oxygen gas pressure 50 mTorr inside the Vacuum System (Excel Instruments, India). The energy density $2.5 J/cm 2 of pulsed laser was used. After deposition, thin film was annealed in-situ at 700
C for 1 h. Top circular Pt electrodes of 1 mm diameter were deposited on the film by RF-sputtering. Crystalline phase of thin film was analyzed by grazing angle incidence X-ray diffraction using Philips X'Pert-PRO (Pan-Analytic). Polarization vs. electric field plot of Cr:BTO film was taken by thin film P-E loop tracer (Marine India). Magnetization measurement of film was carried out by Vibrating Sample Magnetometers (VSM, Lake Shore, USA). Thin film topography and magnetic domain pattern were captured by Atomic/Magnetic Force Microscopy (AFM/MFM) using Veeco nanoscope-5 in tapping mode. Capacitance and impedance plot of thin were measured by Wayne-Kerr impedance analyzer 6500B (UK). Magnetoelectric coupling coefficient of Cr:BTO thin film was determined by in-house built setup in dynamic mode using lock-in amplifier (Sigma), power amplifier, Helmholtz coil, AC/DC Hall probe (FW-Bell), and 10 in. pole diameter electromagnet with highly homogeneous DC magnetic field.
Crystalline nature of deposited Cr:BTO thin film has been analysed by X-ray diffraction pattern as shown in Figure 1 Author to whom correspondence should be addressed. 18, 19 The large value of coercivity reveals dead layer formation by defects/dislocations at grain boundaries.
Induction of magnetism in BTO by transition element has been widely reported in literature. [20] [21] [22] [23] Magnetization (M-H) of Cr:BTO thin film has been determined by VSM as shown in Figure 2 (a). Magnetic signal observed by Cr:BTO film was obtained by subtracting it from Pt/STO substrate signal. The unsaturated magnetic moment value of 12 emu/cc has been recorded at 5 kOe. Saturation of magnetic moment in 20% Fe:BTO film has been reported at 20 kOe. 24 It may be quite possible that exchange interaction among magnetic ions is not strongly long range ordered due to less concentration of Cr in BTO which leads to high field saturation condition. Ferromagnetism in Mn-doped BTO thin film has been interpreted on the basis of bound magnetic polarons formation by oxygen vacancy. 18 Recently, transformation of antiferromagnetism to ferromagnetism in Eu 0.5 Ba 0.5 TiO 3Àd thin film due to oxygen vacancies has been reported. 25 Ferromagnetism in 0.1 at. % Cr:BTO induced due to Cr 3þ ion incorporation at Ti 4þ site in BTO lattice will produce oxygen vacancy that leads to long range exchange interaction among Cr 3þ ions. The lower value of remnant electric polarization also confirms the presence of interfacial defects in the film.
Surface morphology and magnetic domains of thin film have been studied by taking AFM image on 15 lm scan length, 57.4 nm height, and MFM image of the same scan length by vertical phase sweep of 1.5 are shown in Figures  2(b) and 2(c) . A smooth platform of uniform color of film reveals smooth growth of thin film. A few large particulates and microcracks are visible as pink and dark brown colors exhibiting high and low atomic force exerted on AFM tip. Particulate formation on thin film by PLD has been explained due to laser energy density and target material. 26, 27 Formation of domain pattern with labyrinthine stripes in Co/Pd film has been also captured on a 10 lm length scale by others. 28 The magnetic domains recorded in the MFM image are clearly visible in the form of alternating dark and bright contrast fringes, exhibiting strong and weak magnetic force on MFM tip. The size of the domain in this is about 1-2 lm in width. Similar bigger 4-5 lm ferromagnetic domains have been reported in V/Cr doped TiO 2 thin films. 29 MFM images qualitatively further supports the quantitative magnetization of film obtained by MH loop.
Impedance spectroscopy of Cr:BTO has been performed with zero magnetic field and in presence of 5000 G magnetic field as shown in Figure 3 . Cole-Cole plot of Cr:BTO film yielded single semicircle. According to brick model, grains and grain boundaries exhibited identical ideal microstructure formed by separated arcs. Contrary to brick model variations in grain size and grain boundary conductivities in real materials lead to depression of the boundary arc. 30 In order to distinguish relaxation frequencies of depressed arcs corresponding to grains and grain boundaries, curve of Z 0 vs. Z 00 /f has been plotted 31, 32 as shown in Figure 4 . The individual contribution of relaxation frequency of grain f g , grain boundary f gb , and electrode f el has been extracted by fitting theoretical impedance equation to experimental Cole-Cole plot. The following impedance equations have been used to plot:
where R g , R gb , R el and f are grain, grain boundary, electrode resistances and experimental frequency sweep respectively. Since the grain relaxation frequency is at least two order higher than grain boundary relaxation frequency f g ) f gb ) f el , then
It may be written as
where f g grain relaxation frequency is the slope of Z 0 vs Z 00 /f plot. Similarly, relaxation frequencies of grain boundary and electrodes can be obtained by slopes of plot and intercepts as grain and grain boundary resistances using relations
Values of resistances and frequencies taken by the slope and intercept from Z 0 vs Z 00 /f plot putted in Eqs.
(1) and (2). Such obtained values of resistances and relaxation frequencies provided initial theoretical curve fitting to the experimental Cole-Cole plot. However, theoretical curve obtained from Eqs. (1) and (2) was not perfectly fit with to the experimental plot since there was the possibility of error by taking manual values of slopes. Further, perfect fitting was obtained by varying the resistances and frequency values. Theoretical equations were perfectly fitted for high frequency arcs also. The change in resistances of grain, grain boundaries, and electrodes determined from fitting equations after applied magnetic field are shown in Table I . Chromium doping in BTO has induced the magnetism as observed by M-H loop and magnetic domain formation in MFM image. It has been observed by curve fitting that grains exhibit more resistance 1830 X than grain boundaries resistance 300 X. According to Maxwell-Wagner (M-W) capacitor model, at low frequency charge carrier at low resistive layer, grain boundary, will respond and most of the voltage would drop across highly resistive grains or at electrode interface. This would increase the apparent capacitance of the film. However, in this case grain boundary capacitance and electrode interface capacitance have not been increased inspite of higher resistance compared to grains by applying magnetic field (Table  I) . Grain boundary capacitance value obtained has been three times 1.3 Â 10 À9 F higher than grain capacitance 4.58 Â 10 À12 F. It revealed interfacial capacitance was higher due to space charge accumulation (higher resistivity is due to charge depletion) at grain boundaries due to lower resistance 300 X than grain resistance 1830 X. After applying magnetic field, grain resistance slightly decreased to 1634 X exhibiting increased response of charge carriers (Table I) . Grain capacitance has been increased from 4.58 Â 10 À12 to 5.40 Â 10 À11 F by the application of magnetic field. It is contrary to the M-W model that lower resistive charge carrier (grain boundary 300 X) would respond as magnetic field applied. No significant effect on interfacial grain boundary capacitance has observed due to applied magnetic field. Grain capacitance response is mainly due to electric dipole moment only. 34 It revealed coupling of magnetic dipoles with electric dipoles. Magnetic and electric dipoles individually formed their respective domains inside the grain and around grain boundaries which are supported by M-H loop and P-E loop as shown in Figures 2(a) and 1(b) . Magnetoelectric coupling effect due to close interaction between electric and magnetic domains is confirmed by ME coupling coefficient measurement. It may be suggested doped Cr 3þ ion replacing Ti 4þ ions and oxygen vacancies have been created for compensating charge. These oxygen vacancies are the exchange bridge among Cr 3þ ions inducing ferromagnetism. When magnetic field applied the magnetic moment of Cr 3þ try to align parallel to the field that influences the position of Ti 4þ ions bonded with oxygen orbitals. Hence, capacitance of the BTO lattice/grain increased. Grain boundary resistance increased highly from 300 X to 8000 X by applying magnetic field. In this case, increase in grain boundary resistance of Cr:BTO film at high frequency by applied magnetic field may be due to depletion of oxygen vacancies involved in exchange interaction. 35, 36 Relaxation time of charge carrier inside grains is increased by magnetic field due to high frequency response of electric dipoles.
Magnetic Cr:BTO ferroelectric thin film has been investigated for magnetoelectric coupling coefficient by dynamic method. Dynamic method is the most reliable ME coefficients measurement among four methods. [37] [38] [39] Magnetoelectric coupling coefficient in presence of DC bias magnetic field at fixed frequency f ¼ 249 kHz and magnitude 0.5 Oe has been measured. See supplementary material for Fig. S1 . 40 The highest magnetoelectric coupling coefficient has been obtained 137 mV/cm-Oe at 1000 Oe magnetic field. It reveals at 1000 Oe DC magnetic field and 0.5 Oe, 249 kHz AC frequency magnetic field, charge carriers involved in exchange coupling exhibit maximum displacement. Further with increase in DC field, torque on magnetic dipoles disturbing the maximum displacement of charge carriers thus voltage induced exhibits a maximum value which ultimately decreases with increase in applied magnetic field. It has been analyzed by magneto impedance spectroscopy that capacitance of grain increases with applied magnetic field. A significant value 137 mV/cm-Oe of ME coupling coefficient has been observed for single layer magnetoelectric thin film.
Chromium doped induced ferromagnetic Cr:BTO ferroelectric thin film has been investigated for the origin of magnetoelectric coupling. By theoretical impedance equation fitted to experimental data in Cole-Cole plot, contribution of individual grains, grain boundaries, and electrode has been deconvoluted. It has been observed that increase in capacitance is due to BTO lattice response obtained by grains with applied magnetic field from curve fitting. Further, magnetoelectric coupling performed by dynamic method at high frequency has been also confirmed the coupling of charge carrier within lattice. A significant value 137 mV/cm-Oe of magnetoelectric coupling has been obtained in single phase and single layer multiferroic thin film. The high value of ME coupling obtained can reduce the typical processing steps involved in multilayer deposition of different compounds. Barium titanate being best ferroelectric material has been tailored to be multiferroic by non ferromagnetic element, Cr, doping in thin film form opens an avenue for more stable and reliable spintronic material for low power magnetoelectric random excess memory applications.
